Surfaced-enhanced Ramon scattering ͑SERS͒ spectra of pyrazine are analyzed on the basis of the properties of the electronic states of the metal-adsorbate surface complex. Ab initio CIS calculations have been carried out for the Ag 2 -pyrazine complex, which have enabled us to find two excited singlets, namely CT 0 ;
I. INTRODUCTION
Since the very beginning the origin of the enhancement observed in Surfaced-enhanced Raman scattering ͑SERS͒ has been quite controversial. 1, 2 Nowadays it is widely accepted that the electromagnetic ͑EM͒ mechanism 3 is responsible for the most important contribution, the surface plasmons of the metal concentrate and strengthen the electric field in the interphase. [1] [2] [3] An additional contribution to the SERS phenomenon is the so-called charge transfer ͑CT͒ mechanism 4 which either is present or not in a particular spectrum depending on the nature of the system and the experimental conditions. The CT mechanism is considered to be analogous to a Resonance Raman ͑RR͒ process, but in SERS-CT the transient excited state is a CT level of the metal-adsorbate ͑M-A͒ complex. These new electronic transitions of the surface complex are very difficult to be observed directly 5 and they have been reported in very few cases. 6 The main problem is that these CT states have not been characterized at all, the only information available being their energies, which usually are in the order of that of the visible photons used in Raman Spectroscopy. 6 Moreover, the CT mechanism depends strongly on the nature of the metal-adsorbate system and therefore, no general rules are available in order to detect its presence in a particular spectrum. All of this makes quite difficult the interpretation of any SERS from the point of view of the CT mechanism and perhaps, for this reason, its contribution to the SERS enhancement has been questioned many times.
Our group has proposed a methodology able to quantitatively predict the SERS intensities when the CT mechanism is present. 7, 8 By comparing the theoretical predictions derived from ab initio calculations with the experimental results it is possible to detect the presence of a CT process in a particular spectrum 9 and even to estimate the relative contribution of both EM and CT mechanisms to the enhancement of each band. 7,9͑c͒ Generally speaking, we assume a mechanism similar to a RR process and therefore, the differences between the potential energy surfaces ͑PES͒ of the involved resonant states ͑geometries and gradients͒ are responsible for the selective enhancement of some fundamentals. These differences between the respective equilibrium geometries and vibrational frequencies are related to the A-and B-terms in RR, 10 accounting for the Franck-Condon and HerzbergTeller contributions in any type of electronic spectroscopy as absorption, fluorescence, etc.
We suppose that the laser photon produces the resonant transfer of one electron from the metal to vacant orbitals of the adsorbate in the excited CT state (M ϩ ϪA Ϫ ). When the electron comes back to the metal the electron-hole recombination creates a Raman photon if the molecule remains vibrationally excited. Therefore, from the exclusive point of view of the adsorbed molecule, the resonant process takes place between the ground state of the neutral molecule ͑A͒, i.e., the S 0 singlet, and the ground state of the respective radical anion (A Ϫ ), i.e., the D 0 doublet. Given that the radical anions of pyridine, pyrazine, etc. are very little known, it has been necessary to resort to ab initio calculations to get insight into their properties. The hypothesis of the resonant transfer of one complete electron has been quite useful in simplifying ab initio calculations provided that only states of the adsorbate have to be calculated and it is not necessary to take into account the metal in the theoretical model. The main conclusions of our previous works have been as follows: ͑a͒ The CT mechanism is responsible for the observed relative intensities of some SERS spectra of aromatic molecules such as pyridine, pyrazine, etc. ͑b͒ In the excited CT state of the surface complex the adsorbed species must be similar to the respective radical anion given that the computed properties of the anion give account for the observed behavior. ͑c͒ In the SERS spectra of pyrazine a second excited state is also involved, namely, the first excited a͒ Author to whom correspondence should be addressed. Fax: ϩ34-952132047; Electronic mail: jc -otero@uma.es doublet of the radical anion ͑D 1 state͒. 7, 8 The ground state of the benzene anion is doubly degenerate so the D 1 state of analogous molecules as pyrazine has to be taken into account. The participation of this third state allows to explain even the activity of some very weak bands. ͑d͒ The electronic transitions which can take place between the three aforementioned states ͑D 0 ϪS 0 and D 1 ϪS 0 ͒ seem to obey the selections rules of the electric dipole radiation mechanism. 7, 8 The last point raises a question concerning the nature of the CT mechanism.
11 Two main alternatives have been proposed in Ref. 7 . The first one considers the metal and the molecule to be independent species and therefore, the charge transfer takes place through nonradiative steps ͑NR-CT model͒ without obeying the selection rules relevant in photonic processes. The second one sees the metal and the adsorbate as a whole in such a way that the CT process has to be considered as a redistribution of the charge density inside the surface complex: an electron being initially located on the metal get to the adsorbate when the whole species is in the CT excited state. The latter process is exclusively radiative and can be seen as equivalent to the RR mechanism ͑RR-CT model͒. The observed behavior of the SERS spectrum of pyrazine seems to be compatible with the aforementioned RR-CT model. The electric dipole selection rules based on the symmetry properties of the surface complex account for the differentiated role played by both D 0 ϪS 0 and D 1 ϪS 0 transitions. This conclusion implies that a local symmetry restricted to the vicinity of the adsorption site is the relevant one. This seems to be a rather surprising behavior given that the complex is formed by the adsorption of a molecule on the irregular, rough surface of a polycrystalline macroscopic electrode. 12 On the other hand, the NR-CT mechanism resembles an electron impact experiment under resonance conditions, where a complete electron is involved. But the formation of the radical anion of the adsorbate is only a hypothesis in the RR-CT mechanism of SERS, given that any charge redistribution different from a complete electron is possible in a complex. 13 The main aim of this work is to clarify all this. In this concern we have studied the electronic properties of the silver-pyrazine complex in its ground electronic states as well as in its excited states in order to confirm the existence of charge-transfer levels and to compare their properties with those of the corresponding radical anion of the adsorbate. We shall see that the hypothesis already proposed in our previous works have been confirmed. We have found two excited charge-transfer states of the complex in which the properties of pyrazine look quite similar to those of the D 0 and D 1 of its anion. Moreover, the inclusion of the metal in the theoretical model will allow to explain in a straightforward way the violation of the mutual exclusion rule observed in the SERS spectrum of pyrazine where some Raman inactive ''u'' vibrations are recorded. In this way the hypothesis assumed in Ref. 7 is confirmed given that the activity of such fundamentals can be explained on the basis of the formation of a sufficiently strong surface complex in which the operating symmetry is C 2v instead of being that of the isolated molecule, i.e., D 2h .
14 This explains the appearing of silent modes in Raman without to resort to effects related to electric field gradient in the interphase. In previous works we did study the effect of the level of the ab initio calculations on the computed electronic properties of such states. RHF and UHF calculations have been carried out for neutral pyrazine and its radical anion respectively, as well as 6ϫ6 and 7ϫ6 CASSCF, respectively, with different basis set ranging from 3-21 G up to 6-311ϩϩG**. 7 The comparative analysis allows to conclude that just HF calculations with the minimal 3-21G basis set are sufficient to give account for the observed behavior in the SERS of pyridine, pyrazine, and methylderivatives. 7, 9 In this work we carried out CIS calculations of the properties of singlet states of the metal-adsorbate complex. Although this is the most inexpensive ab initio method for the study of excited states it is well known that it yields results with a reliability equivalent to HF calculations in the ground electronic state. 16 We have carried out CIS calculations using 3-21G basis set as well as LanL2DZ in order to take into account possible relativistic effects related to the silver atoms. In the latter basis set the first row atoms are represented by the D95 17 basis set and the remaining atoms in turn, by the Los Alamos plus DZ effective core pseudopotential. 18 Anyway, these results will be named generically as HF/ LanL2DZ for neutral pyrazine ͑RHF͒ and its anion ͑UHF͒, or CIS/LanL2DZ for the ground state ͑RHF/LanL2DZ͒ or for the excited singlet states ͑CIS/LanL2DZ͒ of the silverpyrazine complex. All the ab initio calculations have been carried out using the GAUSSIAN 94 program.
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B. The molecular model
The number of metal atoms, the charge, and the spatial arrangement of the metallic cluster as well as how pyrazine adsorbs on the cluster are features to be decided. Modeling the silver electrode seems to be a complicated task given that it shows a rough surface originated by the activation process which give rise to countless surface defects which have been postulated as SERS active sites. The trouble is again the nature of these surface defects which are not sufficiently known. Several proposals have been published ranging from the Otto's adatom model 20 up to more or less complicated structures 21 such as Ag n ϩ (3ϽnϽ6). 22 On the basis of Otto's model, a lone neutral silver atom linked to pyrazine ͑Pz͒ should be the most economical model, but it presents the inconvenience of being an openshell system given that the silver atom has one unshared electron. Provided that CIS calculations are restricted to closed shells, 16, 19 we introduced a second silver atom to form the Ag 2 -Pz supermolecule. From the observed frequency shifts in the SERS of pyrazine recorded on silver electrode with respect to the Raman ones 7, 23 it can be deduced that adsorption takes place through the lone electron pair of one of the nitrogen atoms. This originates a perpendicular orientation of the pyrazine ring with respect to the metal surface as represented in Fig. 1 yielding a planar C 2v structure.
On the other hand, the macroscopic charge excess in the surface of an electrode is determined by the electric potential of the interphase. On the same basis, the charge of the surface clusters will depend on the composition, the structure, and the electric potential, but that dependence is still unknown. 24 As we shall see further on, the SERS of pyrazine recorded at Ϫ0.5 V vs saturated Ag/AgCl/KCl electrode shows the strongest CT contribution. That potential is very close to the zero charge potential of a silver electrode. We have decided, therefore, to consider a neutral metallic cluster. The choice of this simple model seems to be arbitrary indeed but its ability to explain the SERS spectra of pyrazine validates it completely.
C. Method of analysis
The analysis of SERS spectra has been done assuming that the activity of a vibration depends on Franck-Condon and Herzberg-Teller contributions, which in turn are related to the most important terms ͑A and B͒ in RR. 10 Both contributions are related to differences between the PES of the states involved in the electronic transition, either changes in the equilibrium geometry (⌬Q 0) or in the curvature, i.e., the vibrational frequencies (⌬ 0), or both. We have calculated the optimized geometry and force field of the Ag 2 -Pz complex in its electronic ground state S 0 and in the subsequent eight excited singlet states S iϭ1 -8 . All the vibrational frequencies of the optimized geometry of the Ag 2 -Pz complex in the S 0 state are real, what indicates that the selected structure is in a minimum of the PES.
In any S i ϪS 0 electronic transition, differences between the equilibrium geometry of both states have been expressed as a function of the vibrational normal modes of the ground state by defining the displacement vector ⌬Q i0 in the following way:
where L 0 Ϫ1 is the inverse of the L-matrix of the ground state S 0 calculated from the ab initio force field, and ⌬R i0 is a vector containing the differences between the geometrical structures of both states expressed in the same set of independent internal coordinates previously defined to calculate L-matrix. A figure with the internal coordinates and a table containing the set of independent symmetry coordinates have been sent as EPAPS. 25 These displacements ⌬Q i0 have been used to compute the relative intensity of the Raman line of the ''n'' normal mode under resonance conditions, by means of the Peticolas' equation:
This equation allows us to compute the relative intensity in RR when due exclusively to changes in the equilibrium geometries. k is a constant to be arbitrarily adjusted, and ⌬Q i0,n is the displacement of the ''n'' mode with frequency 0,n in the ground state. Finally, the normal modes of the electronic states involved in the S i ϪS 0 transition have been correlated through the Duschinski's 27 matrix D i0 , built from the respective L-matrices of both states:
III. RESULTS AND DISCUSSION
A. Experimental results
The experimental conditions under which the SERS spectra on silver electrode have been recorded have been published elsewhere.
7 Figure 2 shows the Raman spectrum of the aqueous solution of pyrazine as well as the SERS records on silver at electrode potentials ranging between 0.0 and Ϫ0.75 V vs satured Ag/AgCl/KCl. The Raman spectrum is dominated by the strong band assigned to mode 1; ring ;A g , but in the SERS spectra the totally symmetric modes 6a; ring , 9a;␦(CH), and 8a; ring are strongly enhanced. Besides the mentioned fundamentals, a set of nontotally symmetric modes are also enhanced although much less than the A g ones. The SERS active vibrations are classified according to their symmetry as: A g vibrations ͑modes: 2, 8a, 9a, 1, and 6a͒, B 3g vibrations ͑8b and 6b͒, B 3u vibrations (16b and 11͒, B 2g vibrations ͑4͒, and B 1u vibrations (19a and 12͒. The corresponding Raman and SERS intensities are tabulated in Ref. 7 .
B. Stationary states of the Ag 2 -Pz complex
The optimized geometrical parameters of the complex in its ground state ͑RHF/3-21G and LanL2DZ͒ as well as in the subsequent eight excited singlets ͑CIS/3-21G and LanL2DZ͒ are collected into two tables sent as EPAPS. 25 The same tables show in turn the results for the neutral pyrazine in the S 0 ;
1 A g state ͑RHF/3-21G and LanL2DZ͒ and its radical anion in the D 0 ;
2 B 3u and D 1 ; 2 A u states ͑UHF/3-21G and LanL2DZ͒.
Electronic ground state
The optimized geometries of neutral pyrazine (S 0 ;
1 A g ) and the Ag 2 -Pz complex (S 0 ;1 1 A 1 ) are quite similar, the differences between the respective bond lengths and bond angles being in the order of 10 Ϫ3 Å and 1 deg, respectively. For instance, the four C-N bonds are no longer equivalent in the complex but their lengths are kept almost unchanged going from 1.337 Å in pyrazine up to 1.338 or 1.336 Å in the complex ͑LanL2DZ͒. These so small changes point out that the adsorption does not perturb significantly the structure of pyrazine. Both basis set yield an Ag-N bond length shorter ͑2.503 and 2.476 Å with LanL2DZ and 3-21G basis sets, respectively͒ than the Ag-Ag one ͑2.738 and 2.732 Å, respectively͒. Moreover, from the analysis of the Mulliken populations it is predicted that the complex is formed by a small charge donation from the pyrazine to the Ag 2 cluster, amounting to Ϫ0.05 and Ϫ0.10 when using the mentioned basis set, respectively. However, the donated charge does not distribute the same between both silver atoms. The charge of the Ag 1 atom directly bonded to pyrazine is ϩ0.01 or Ϫ0.11 depending on the basis set.
Excited singlet states
The optimized geometry of the electronic ground state of Ag 2 -Pz (S 0 ;1 1 A 1 ) has been taken as the starting point to carry out CIS calculations of the excited singlets. Keeping that structure fixed ͑Franck-Condon point, FCP͒, the energies, and charge distributions of the first eight excited singlets have been computed ͑Table I͒. With both basis sets the calculated singlets are in the order: Figure 3 shows the dependence of the CIS/ 3-21G energies of the first 16 singlet states of the Ag 2 -Pz complex on the Ag-N bond length. The most important feature is the marked dependence of the B 1 and A 2 levels. Although every state shows a smooth stabilization in the neighborhood of the equilibrium Ag-N distance in S 0 , both CT states show a deeper minimum at a shorter distance. 28 As the Ag-N bond length increases, the B 1 as well as the A 2 states get crossing between them. For instance, the first CT state is the 2 1 B 1 at short distances, but it continues being 3 1 B 1 , 4 1 B 1 , and 5 1 B 1 up to reach energies amounting some 7 eV at Ag-N distances of some 7 Å. The behavior of the second CT state of A 2 symmetry is quite similar.
Charge-transfer states
The agreement between CIS/3-21G and LanL2Dz results will be observed in the whole of the discussion, but both basis sets differ when calculating the properties of the CT 0 ;
1 B 1 state in the equilibrium geometry. As can be seen in Table I , the two first B 1 states of the complex lie at very close energies, especially when using LanL2DZ, the gap being 0.5 eV. This small gap is responsible for the transferred charge distribute between both 1 1 B 1 and 2 1 B 1 states in the optimized 3-21G results, while the LanL2DZ optimization of both states yields the same final structure ͑Table I͒. Again the geometry relaxation is much more important in both CT states, what perturbs the former ordering of the states obtained in the FCP with the LanL2DZ basis set. The CIS/3-21G energies of 2 1 B 1 and 1 1 A 2 states stabilize some 0.4 eV and both CT states lie as much as 3.43 and 4.31 eV over the ground state, respectively. As previously said, the CIS/ LanL2DZ optimization of 1 1 B 1 and 2 1 B 1 states brings up to the same point located at 3.14 eV over the ground state, while the energy of the 1 1 A 2 state equals that computed with the minimal basis set. Therefore, the gap between both CT states almost always amounts to 1 eV which is the gap calculated between the D 0 ;
2 B 3u and D 1 ; 2 A u levels of the pyrazine radical anion ͑0.8 eV from UHF/3-21G or 0.91 eV from UHF/LanL2DZ calculations͒. The charge transferred from the metal to pyrazine in the LanL2DZ optimized 2 1 B 1 and 1 1 A 2 states of the complex amounts to Ϫ0.75 and Ϫ0.84. The 3-21G results differ slightly in the first level, it being in turn Ϫ0.40 and Ϫ0.88, respectively, because of the closeness of both B 1 states. This tendency of the CT properties to get delocalized among different levels rather than only one could become important if the size of the metallic cluster is increased. In Table I the calculated values of the oscillator strength for the S i ϪS 0 transitions are collected as well. The first three electronic excitations are very strong ( f Ͼ0.5) corresponding to transitions in the metallic cluster. In spite of the CT 0 ϪS 0 transition being much weaker, the calculated oscillator strength ͑f ϭ0.012 or 0.022 with the LanL2DZ basis set͒ is very similar to the S 1 ϪS 0 transition of pyrazine ( f ϭ0.017 or 0.014͒. The 3-21G results corresponding to the optimized geometry show again that the CT 0 ϪS 0 transition increases in intensity ( f ϭ0.386) due to the closeness of both B 1 states.
The likeness of the CT states of the complex and the D 0 and D 1 states of the radical anion is again evident when one compare the geometrical parameters of the respective optimized structures ͑see tables in EPAPS͒. 25 The distortion in these states relates to the shape of the LUMO;B 3u and The geometrical differences between the ground and the CT states, especially between the ground and the CT 0 ;
1 B 1 states, determine the most relevant characteristic of the SERS spectra of pyrazine, that is, the enhancement of modes 6a, 1, 9a, and mainly mode 8a. 2 B 3u level of radical anion. These calculated intensities reproduce the observed behavior of the SERS of pyrazine, explaining the enormous enhancement of the band corresponding to mode 8a, which becomes the strongest line of the SERS recorded at Ϫ0.25 or Ϫ0.5 V. For instance, the record at Ϫ0.5 V shows relative intensities of 39, 89, 33, and 100 for modes 6a, 1, 9a, and 8a, respectively. On the contrary, mode 2;͑CH͒ gives much smaller ⌬Q values in agreement with its low relative intensity recorded in SERS. 7 Provided that the vibration 2;͑CH͒ is not part of the chromophore in the resonant CT process, it can be taken as a reference to estimate non-CT contributions to the intensity of each band as it is explained in Refs. 7 and 9. Consequently, the estimated experimental intensities on the exclusive basis of the CT mechanism ͑SERS-CT͒ in the spectrum recorded at Ϫ0.5 V are 41, 26, 30, and 100, 7 respectively, which perfectly agrees with the calculated values. These experimental SERS-CT intensities are compared in Fig. 5 with the calculated ones from the optimized geom- 1 B 1 state participates of some CT character given that, although small, the calculated ⌬Q values are larger than the corresponding to the remaining non-CT states ones. The calculated SERS intensities for such a 1 1 B 1 -1 A 1 transition are 47, 10, 50, and 100, keeping the SERS-CT features which have already been stressed, i.e., the selective enhancement of the 8a mode.
Table II collects as well as the ⌬Q and theoretical relative intensities for the
) transition of isolated pyrazine and for the 1 1 A 2 -1 1 A 1 transition of the complex. Again, the likeness between the D 1 state of the radical anion of pyrazine and the CT 1 ;1 1 A 2 state of the complex is made evident. The calculated intensities predict again that mode 8a should be the most enhanced one. However, the agreement between the calculated and experimental values is not so good as for the D 0 -S 0 transition in isolated pyrazine or for the 2 1 B 1 -1 1 A 1 one in the complex as can be seen in Fig. 6 . This result indicates that the 2 1 B 1 -1 1 A 1 transition plays a most important role in the SERS spectra than the corresponding 1 1 A 2 -1 1 A 1 do. That conclusion is expected in a RR process given that the first transition is allowed on the basis of the electric dipole selection rules. As we shall see later, the Herzberg-Teller and Franck-Condon effects related with the second CT transition are observed very weak in the SERS of pyrazine given that it is forbidden in this mechanism.
29͑a͒ Finally, the calculated ⌬Q related to transitions involving non-CT states of the complex are very small and the corresponding 3-21 G results are collected in a table submitted as EPAPS. 25 
Enhancement of the B 1u modes in D 2h symmetry: Vibrations 12 and 19 (⌬QÅ0)
The activities of these vibrations were explained in previous works by assuming a descent in symmetry from D 2h to C 2v due to the formation of the surface complex. 7 On this basis, B 1u (D 2h ) vibrations become A 1 in C 2v . This hypothesis is confirmed in this work. It is shown in Table II that these B 1u modes have nonzero ⌬Q, so that, the breaking of the mutual exclusion principle appears as a natural conclusion. These ⌬Q are significantly smaller than those obtained for A g vibrations. For example, the values obtained for the 2 1 B 1 -1 1 A 1 transition corresponding to modes 12, 18a, and 19b are Ϫ0.074, Ϫ0.084, and 0.025 amu 1/2 Å, respectively. It is found that the choice of the basis set affects these small ⌬Q; the 3-21 G values indicate that mode 12 should be the strongest one in agreement with the SERS results where vibrations 18a and 19a are weaker or not observed. Probably, there is some uncertainty in the case of vibrations with small ⌬Q. Moreover, this problem is more important for mode 12 due the proximity with mode 1, as it is the case for pyridine where both fundamentals belong to the same symmetry species. Besides the A g modes, the 8b; ring ,B 3g vibration is the fundamental which shows the strongest enhancement in the SERS of pyrazine, its activity being related to HerzbergTeller factors corresponding to the vibronic coupling between the CT states. The symmetry of the vibrations responsible for vibronic coupling must be contained in the direct product of the irreducible representations of both coupled states. This symmetry is B 3g for isolated pyrazine ͓⌫(D 0 ) ϫ⌫(D 1 )ϭB 3u ϫA u ϭB 3g ͔ or B 2 for the complex ͓⌫(CT 0 ) ϫ⌫(CT 1 )ϭB 1 ϫA 2 ϭB 2 ͔. The LanL2DZ calculated frequencies for isolated pyrazine and for the Ag 2 -Pz complex in the relevant electronic states are collected in Table III . Complete lists of CIS/3-21 G calculated frequencies for all the states are supplied as EPAPS deposit. 25 In such tables it is possible to appreciate the similarity between the properties of pyrazine in the CT states of the complex and that of its radical anion.
The CT states are the only ones that show significant changes in the vibrational frequencies for some specific modes. With respect to the in-plane vibrations, mode 8b is the only one for which the shift is significant. 7 In this sense, the CIS frequencies for the complex are similar to the CASSCF results of the radical anion. 32 In any case, the calculated frequencies indicate that mode 8b couples more effectively with both CT states, explaining its activity in the SERS spectra, where it is, along with the weak vibration 6b, the only B 2 bands observed.
E. Activities of the out-of-plane modes "⌬Å0…
While the calculated frequency shift for mode 8b in the CT states arises from vibronic coupling, the out-of-plane vibrations show frequency shifts closely related to the electronic structure of the LUMO;B 3u and LUMOϩ1;A u antibonding orbitals of pyrazine, where the transferred electron , respectively, in the ground state of the Ag 2 -Pz complex, red shifted Ϫ152, Ϫ112, and Ϫ173 cm Ϫ1 in the CT 0 state, respectively. These three vibrations are observed in the SERS spectra, although the most significant result is obtained for the lower frequency mode, 16b, which changes about 35% of its vibrational frequency, explaining why it shows the strongest enhancement. On the contrary, mode 5 of B 2g symmetry is not detected in SERS spectra as was expected, given that the calculated frequencies in the S 0 and CT 0 states are very close, 1110 and 1068 cm Ϫ1 , respectively.
Activities of the A u modes in D 2h symmetry: Vibration 16a (⌬QÅ0 and ⌬Å0)
A u vibrations ͑A 2 in C 2v ͒ cause relative torsion of the planes defined by the sets of atoms 1-2-6 and 3-4-5 with respect to the C 2 (z) axis of pyrazine, decreasing the repulsion between the p x orbitals of the pairs of atoms 2-3 and 5-6 in the LUMOϩ1;A u . Although in the CT 1 ;
1 A 2 state almost all of the out-of-plane fundamentals show a significant red shift, we must notice that the frequency of mode 16a;␥ ring , A u is 149i or 110i cm Ϫ1 depending on the basis set used. These imaginary frequencies indicate that the molecule is not planar in this state, the geometry being distorted along the direction of this normal coordinate. Taking the imaginary frequencies as ''negative,'' the red shift of mode 16a in the CT 1 state should be about 130% of its vibrational frequency.
This out-of-plane distortion of pyrazine in the CT 1 state implies a molecular symmetry descent from C 2v to C 2 , becoming mode 16a, inactive both in IR and Raman under D 2h symmetry, active in both types of spectra given that it is totally symmetric in the new molecular structure. A symmetry descent to C 2 explains as well the involving of CT 1 state in the RR-CT mechanism of SERS. The transition to this state under D 2h or C 2v symmetries ͑A u -A g or A 2 -A 1 , respectively͒ should be forbidden by the electric dipole selection rules, becoming allowed under C 2 symmetry ͑A-A͒. In any case, the involving of the CT 1 state in the SERS mechanism is of secondary importance, as it is demonstrated by the low enhancement observed of modes 16a or 8b. Strictly speaking, the vibronic coupling effect requires that both excited states are accessible from the ground state through the electric dipole mechanism.
29͑b͒ On the other hand, by comparing the SERS intensities of mode 16a with those of the remaining out-of-plane modes it is easy to see that its activity is much weaker than the expected from the calculated ⌬. Finally, it is evident the relationship between the activity of vibration 16a and the CT 1 state, provided that it is the only fundamental which shows a greater enhancement in the SERS recorded at the more negative potentials, that is, at potentials where it is expected a greater contribution of the CT 1 state.
IV. CONCLUSIONS
The SERS of pyrazine are compatible with a resonance Raman mechanism involving the ground state of the surface complex and excited levels arising from charge transfer between the metal and the adsorbate. The foregoing discussion demonstrates the existence of charge transfer states of the surface complex, the similarity between these CT states and those of the corresponding radical anion of the adsorbate and the relationship between their properties and the observed behavior in the SERS spectra. These conclusions strengthen the relevance of the CT mechanism in the SERS of molecules analogous to pyrazine, it being possible to apply this technique to study the corresponding radical anions.
There are several papers dealing with SERS where ab initio calculations were used in order to explore some properties of the electronic states of metal-adsorbate system 34͑a,b͒ or to determine the surface orientation of the adsorbate. In this paper we have focused our attention to the electronic states of the complex with CT characteristics and on their relationships with the relative intensities recorded in the SERS of pyrazine. Moreover, the CIS results allow to confirm that the CT states of the surface complex have energies of the same order of magnitude that of the incident photons, that is, it is possible to access to them from the ground state within the conditions under which the SERS experiments are carried out. The properties of the Ag 2 -Pz complex have been correlated with the spectrum recorded at Ϫ0.5 V using the 5145 Å exciting line from an Ar ϩ laser. Provided that CIS calculations systematically overestimate the electronic transition energies, 16 it is evident that CT 0 and CT 1 states at 3.14 and 4.31 eV, respectively, are in the energy range that makes possible a resonant mechanism. For example, CIS/LanL2DZ energies of the S 1 37 respectively͒. By extrapolating this tendency to the CT states, the estimated energies of the CT 0 and CT 1 states are 2.5 and 3.4 eV, respectively, which are comparable to that of the incident photons ͑ca. 2.5 eV͒. Although we must keep in mind that the calculated values are rough estimations of the actual energies, this coincidence is a remarkable step ahead in order to check the fulfillment of the resonant condition for an RR-CT process, because the energy of the laser photon can not be directly compared with the energy gap between the S 0 and D 0 or D 1 states of isolated pyrazine.
Summarizing, the involvement of CT states of the metaladsorbate complex in a SERS mechanism identical to that in RR ͑RR-CT͒ is confirmed for the first time in this work. This conclusion shades some light on the origin of the enhancement and on some still open questions in SERS closely related with single molecule detection. For instance, it supports the hypothesis formulated by Haslett, Tay, and Moskovits in a very recent paper where one can read: 38 ''the large antiStokes intensities observed in the SERS of several molecules is due to resonance or near-resonance processes involving charge-transfer states of the adsorbate surface complex rather than a strongly nonequilibrium populations in the molecular vibrational states.'' The above authors have derived this conclusion by discarding other alternatives proposed before 39 based on uncommonly large Raman cross-sections or/and very intense local fields.
